The chemical compositions of the C-rich pAGB stars IRAS 05113+1347 and IRAS 22272+5424 are determined from high-resolution optical spectra using standard LTE model atmosphere-based techniques. The stars are C, N, and s-process enriched suggesting efficient operation of the third-dredge up in the AGB star following a first dredge-up that increased the N abundance. Lithium is present with an abundance requiring Li manufacture. With this pair, abundance analyses are now available for 11 C-rich pAGBs. A common history is indicated and, in particular, the s-abundances, especially the relative abundances of light to heavy s-process elements, follow recent predictions for the third dredge-up in AGB stars.
Introduction
The post-asymptotic giant branch (pAGB) stars, as the immediate successors of AGB stars, can be used to probe nucleosynthesis and mixing processes in AGB stars. The spectra of pAGB stars are simple relative to spectra of AGB and planetary nebulae (PNe). In the case of AGB stars, the presence of numerous molecular lines in their spectra makes it difficult to derive accurate abundances. The central stars of PNe to which pAGBs evolve are so hot that many elements do not provide lines in optical spectra. General properties of pAGBs are well reviewed by Kwok (1993) and recently by Hrivnak (1997) .
In the most advanced AGB stars, the predicted changes of surface composition arise from the (third) dredge-up of material from the He-shell below the H-rich envelope. Principal products added to the envelope and atmosphere are 12 C, and heavy elements synthesised by the s-process involving neutron capture on a long timescale. Cool carbon stars, i.e., stars with a carbon-rich (C/O > 1) atmosphere, are Nature's counterparts to the theoreticians' advanced AGB stars. Carbon-rich pAGB stars have been identified, and this paper presents abundance analyses of two such stars. Many pAGB stars are not C-rich, and many, if not all, of the O-rich pAGB stars are also not enhanced in s-process products. Examples include the RV Tauri variables (Giridhar, Lambert, & Gonzalez 2000) at the cool end of the pAGB range, and high galactic latitude B-type supergiants, e.g., o 111 (Conlon et al. 1993 ) towards the hot end of the pAGB range. Evidently, many stars depart the AGB before the third dredge-up has transformed the O-rich giant to a C-rich star.
The number of C-rich pAGB stars for which detailed abundance analyses are available is small: 9 stars in total by Reddy et al. (1997 Reddy et al. ( , 1999 , and Van Winckel & Reyniers (2000) . Their compositions do resemble the predictions for advanced AGB stars, but a large sample of stars is needed to test thoroughly the theoretical predictions. The two pAGB stars -IRAS 05113+1347 and IRAS 22272+5435 -analysed here are classified as C-rich because their near-and far-infrared spectra show emission features at 3.3 µm, 3.4 µm, and 21 µm attributed to carbon-bearing PAH features (Kwok, Volk, & Hrivnak 1989; Hrivnak, Kwok, & Geballe 1994) . Basic data for the two pAGB stars are given in Table 1 . In this paper, we present abundance results of these two stars. Our analysis of IRAS 05113+1347 is the first to be published. IRAS 22272+5435 was analyzed previously by Začs et al. (1995) . Our results differ significantly from theirs, as we discuss below.
Observations
Spectra of IRAS 22272+5435 and IRAS 05113+1347 were obtained with the 2.7 m McDonald Observatory and the coudé cross-dispersed echelle spectrograph (Tull et al. 1995) on June 14, 2000 and March 26, 2001 , respectively. Spectra have a resolving power of R≈55,000 as measured from FWHM of Th emission lines, and S/N ratios of 80 -400 at 6500Å. The spectra run from 4000Å in the blue to 8800Å in the red with gaps in the orders beyond 5600Å. A high-resolution (R≈45,000) spectrum for IRAS 05113+1347 was also obtained on December 31, 1999 with 3.5 m Apache Point Observatory telescope and an echelle spectrograph. The spectrum runs from 4000Å in the blue to 10000Å in the red with overlapping echelle orders. Spectra have been reduced by standard procedures using the spectral reduction package called IRAF 1 . Telluric lines in the spectrum of IRAS 05113+1347 have been removed by dividing with a spectrum of a rapidly rotating hot star. Selected spectral regions at 6785Å and 7965Å of both pAGB stars are displayed in Figures 1 and 2 . Atomic spectra are strikingly similar in both stars (Fig 1) . Both stars show strong s-process lines. The metallic lines are weak suggesting metal deficiency. IRAS 05113+1347 shows photospheric CN lines (Fig 2) . Absence of photospheric CN lines in the spectrum of IRAS 22272+5435 may be due to its higher T eff .
Analysis

Selection of lines and gf values
Selection of clean lines with reliable gf -values is very important in reducing uncertainties in the abundances. In selecting lines we made use of the very high resolution spectrum of the cool giant Arcturus (Hinkle et al. 2000) , as well as the solar spectrum (Wallace, Hinkle & Livingston 1993) . To avoid overcrowding of lines and uncertainties in continuum placement, we examined the green and red parts but not the blue part of the spectra. We limited the analysis to lines of moderate strength, equivalent width (W λ ) ≤ 200 mÅ). Our line list comprised about 150 atomic lines belonging to 25 elements.
Choosing accurate gf -values is important in the reduction of errors. We concentrated on lines which have well determined gf -values experimentally or theoretically. The gf -values for most of the Fe i and Fe ii lines come from laboratory measurements of either the Oxford or Kiel-Hanover groups; Lambert et al. (1996) discussed the gf -value measurements. For other elements, we chose accurate gf -values from a variety of sources: Cr (Blackwell et al. 1986a) , Si (Garz 1973) , Ti i (Blackwell et al. 1986b ), V (Whaling et al. 1985) , Na, Al (Lambert & Warner 1968) , Ca (Smith & Raggett 1981) , Y ii ( Hannaford et al. 1982 ) and for C, N, and O (Wiese et al. 1996) . Li, Sc, and Mn exhibit hyperfine structure (HFS). For Sc and Mn, we adopted HFS data of Kurucz (2000) , as discussed by Prochaska & McWilliam (2000) . For Li we adopted the HFS and isotopic structure given by Andersen et al. (1984) . For the rest of the lines, the gf -values come either from R.E. Luck's compilation (private communication) or Kurucz's (2000) atomic line list. To check the reliability of the gf -values we derived abundances for the solar spectrum using solar equivalent widths measured either by Meylan et al. (1993) or from our solar spectrum at R≈60,000 obtained from the McDonald Observatory 2.7 m telescope. We used the Kurucz (1995) convective solar model with a microturbulence of 1.15 km s −1 . We accepted all the individual gf -values which yield abundances within ±0.2 dex of mean solar abundances (Grevesse & Sauval 1998) determined using the lines having reliable laboratory gf -values.
Atmospheric Model Parameters
In this study, we adopted plane parallel, and line blanketed LTE model atmospheres computed by Kurucz (1995) using the ATLAS9 code and extracted from http://cfaku5.harvard.edu. Final models were found by interpolation. We assume that the standard helium abundance is appropriate to these pAGB stars. A good discussion of the Kurucz model atmospheres is given by Castelli et al. (1997) .
Initial values of model parameters T eff and log g were estimated from their spectral classification and photometry. Hrivnak (1995) classified IRAS 05113+1347 as G8Ia and IRAS 22272+5435 as G5Ia using low-resolution spectra. The spectral types of G8 and G5 translate into T eff of 4260 K and 4460 K, respectively (Böhm-Vitense 1972) . We estimate log g ≈ 1.0 from the luminosity class Ia and log g tables. The values of T eff can also be estimated from intrinsic B-V colors. The interstellar extinction values in the direction of the stars were taken from Hrivnak (1995) . The intrinsic B-V colors for supergiants (Böhm-Vitense 1972) yield 5100 K for both stars.
Using these initial estimates, we derived more accurate model parameters: T eff , log g, microturbulent velocity (ξ t ), and metallicity for the program stars from the high-resolution spectra. The values of T eff are derived from the excitation of Fe i lines. We chose 23 Fe i lines with lower excitation potentials ranging from 0.85 eV to 4.6 eV. For a given log g =1.0 dex and an assumed ξ t = 5.0 km s −1 , the values of T eff are determined from the requirement that the individual Fe i abundances be independent of excitation potentials (Fig 3a, 3b) . The values of log g are determined from the requirement that neutral and ionized iron lines yield similar abundance for the chosen T eff . The values of ξ t are derived by forcing a zero slope on the abundances of lines Fe i, Fe ii, and Ni i as a function of W λ . This method was iteratively repeated until we obtained a self-consistent set of parameters. The adopted model parameters are given in Table 2 .
Radial Velocities
Radial velocity measurements not only provide information on the systemic velocity, but also yield information on the atmospheric structure: velocity gradients in the atmosphere, dust shells around the stars etc. Radial velocities of various atomic and molecular absorption lines are given in Table 3 . With the exception of resonance lines, the atomic lines are of photospheric origin and provide the systemic velocity: the mean heliocentric velocities are V r = 7.6 ± 1.5 km s −1 for IRAS 05113+1347 and −42.4 ±1.0 km s −1 for IRAS 22272+5435. The velocity of IRAS 22272+5435 is consistent given the probability of a small amplitude variation with the value V r = −39.7 ± 0.5 km s −1 also measured using optical lines (Začs et al. 1995) . Observations of CO millimeter emission lines also provide an estimate of the systemic velocity provided that the emitting gas is uniformly distributed around a star. These estimates match our velocities: V r = 7.2 km s −1 (Hrivnak & Kwok 1999) , and −41.0 ± 1.0 km s −1 (Loup et al. 1993) for IRAS 05113+1347 and IRAS 22272+5435, respectively.
Circumstellar C 2 and CN lines are seen in the spectra (Fig 4) . In the case of IRAS 05113+1347, Photospheric CN but not C 2 lines are also seen but at the systemic velocity, V r . For IRAS 05113+1347, Bakker et al. (1997) reported the detection of C 2 Swan and Phillips, and CN Red system lines from several vibrational bands. Many rotational lines of the C 2 bands, as expected for a homonuclear molecule, are seen for each band. The circumstellar lines of the CN bands are restricted to low-J lines. Our measurements of C 2 Swan 0-2 and 0-3 and CN Red system 1-0 lines shows that they are shifted by −10.2 ± 1.0 km s −1 relative to the systemic velocity, a velocity difference identified as the expansion velocity (V exp ) of that region of the circumstellar shell containing the C 2 and CN molecules. This expansion velocity is similar to the estimate of 13.1 km s −1 from the width of the CO millimeter emission lines (Hrivnak & Kwok 1999 ).
Our detections of optical circumstellar molecular blue-shifted lines for IRAS 22272+5435 are the first for this star which is too warm to show photospheric molecular lines. Swan system lines give an expansion velocity of 6.3 ± 0.3 km s −1 which compares with 8.0 to 12 km s −1 from the widths of CO millimeter lines (Loup et al. 1993) .
Profiles of Alkali Resonance Lines
An exciting observation is the apparent presence of the Li i 6707Å resonance doublet weakly in absorption in both spectra. But excitement is tempered by the additional observation that the line is displaced redward by about 0.2Å from the wavelength expected of a photospheric line. Understanding this shift and the line profile is a prerequisite to determining the stellar lithium abundance.
A clue to the correct interpretation of the Li i line is, in the case of IRAS 05113+1347 provided by inspection of the resonance line profiles of the more abundant alkali atoms Na and K. Figure 5a shows the profiles of the Na i D 1 , the K i 7699Å, and the Li i doublet as observed on 1999 December 31. Emission in the core of the Na i D lines exceeds the local continuum. This emission, which is from the star and not the nightsky, divides the absorption profile into two components which we label A and B. Similar emission may be imagined in the K i line but it is evidently weaker with the line profile more strongly suggesting the presence of the two absorption components. The peak Na i emission is at a velocity of 7 km s −1 , which is the photospheric/systemic velocity (Table 3 ). This suggests that emission may arise from a large shell, presumably a part of the expanding circumstellar envelope responsible for the CO millimeter emission. The spectrum from March 26, 2001 does not show Na D emission but the components A and B remain. Profiles of the Li i and K i resonance lines are almost unchanged between the two observations. Emission in the Na D lines, if present in IRAS 22272+5435, is very weak. The absorption for this star consists of at least four components: A and B with the same presumed origins as the A and B components in IRAS 05113+1347, and two additional components assigned an interstellar origin and labelled IS in Figure 5b .
For both stars, absorption component A is redshifted relative to the systemic velocity by about 10 km s −1 . Similar velocity shifts were found for the two pAGB stars studied previously . That the component is similar for four stars suggests that it has a common origin, and is not, for example, simply an intruding interstellar line. Two possibilities may be considered: the component is primarily of photospheric origin but redshifted because the line is preferentially formed in cool downdrafts; the line is formed in infalling circumstellar gas. Present evidence suggests the latter is more probable because it appears that only resonance lines of low ionization potential atoms are affected. If the former explanation were valid, one would expect to see a velocity shift between low excitation lines of Na i, and Ca i (for example) and high excitation lines of C i and O i but Table 3 shows no differences. Of course, the presence of infalling (component A) with outflowing (component B) implies a complicated circumstellar shell but such a juxtaposition is not unknown for giant stars.
If component A is taken to be the photospheric line shifted by convective downflow, central emission is seen in all observations of the Na D and K i profiles. The predicted photospheric K i profile ( 
Abundances
Elemental abundances were determined using the code MOOG (Sneden 1973) in combination with the adopted model atmosphere. Most of the selected lines are unblended and computing abundances from equivalent width measurements works well. For a few elements which suffer from blends and/or hyperfine structure, abundances were determined using spectrum synthesis. Table 4 where n is the number of lines, and σ is the standard deviation representing scatter among lines. The quantity log ǫ(X) = log (N X /N H )+12 is the abundance of an element X relative to a hydrogen abundance of 12 on a logarithmic scale. The ratio [X/H] = log ǫ(X ⋆ )− log ǫ(X ⊙ ) refers to the stellar abundance relative to the solar photospheric abundances of Grevesse & Sauval (1998) Errors in the abundance analysis come from different sources. Errors in the adopted gf -values and in the measured W λ introduce uncertainties. These errors can be represented by the standard deviation, σ (Table 4) that measures the scatter among the individual lines. The true error, i.e., standard deviation of the mean σ/ √ n, is less for elements represented by many lines. For abundances which are derived by fewer than 3 lines the real error may be large, and we adopted σ =0.2 dex for these sources of error.
A summary of abundances for IRAS 05113+1347 and IRAS 22272+5435 is given in
The abundances are also model dependent. The four parameters: T eff , log g, ξ t , and [M/H] that are required to select the atmospheric model are somewhat coupled. The uncertainty in the T eff can be estimated by examining the relation between the lower excitation potential and abundance. The slope of the fit to the observations is quite sensitive to T eff . The error (standard deviation) in the slope ∼ 0.03 translates into an uncertainty in the T eff of 150 K. Similarly, we estimated uncertainty in ξ t . In the case of log g, the error is estimated by introducing 0.1 dex difference in abundance between neutral and ionized lines. Thus, the estimated uncertainties in the input model parameters are as follows: δT eff = 150 K, δlog g = 0.50 dex, δξ t = 0.50 km s −1 , and δ[M/H] = 0.25 dex. The uncertainties in the abundance ratios as a result of uncertainties in the model parameters are given in the Table 5 for IRAS 05113+1345. The values in the Table 5 show that the abundance ratios are less affected by uncertainties in the [M/H] and ξ t . The uncertainty in the gravity of 0.5 dex changes the ratios up to 0.15 dex. The abundance ratios determined from the lines of high excitation are found to be sensitive to changes in T eff (Table 5 ). For each element the quadratic sum of the uncertainties in the four model parameters is given as σ m .
Our results for IRAS 22272+5435 differ quite considerably in several key respects from those published by Začs et al. (1995) . The differences are not related to slight differences in the adopted fundamental parameters. There is a small difference in the derived iron abundances: we obtain Although our analyses agree that the s-process elements are severely overabundant, abundances in the two analyses differ by up to 1.0 dex. These differences may perhaps be traceable to the lower resolution of the spectra used by Začs et al., and their tendency to include strong lines in the abundance analysis. Scrutiny of their list of measured lines showed several cases where we identified much weaker lines with the transition that they used.
Carbon, Nitrogen, and Oxygen
The abundance of carbon is determined using three different indicators: permitted C i lines, the forbidden C i line at 8727.1Å (this line is not measured in the spectrum of IRAS 22272+5435), and lines of the CN red system at 8035Å. The forbidden C i line is a superior C abundance indicator as it is unaffected by NLTE (Gustafsson et al. 1999) . However, this line is blended with Fe i and CN lines. Fortunately, the Fe i and CN contributions to the blend at this metallicity are small. All known blends are taken into account in the spectrum synthesis. For IRAS 05113+1347, the carbon abundance from this forbidden line is 0.2 dex less than that derived using the permitted C i lines, but the error estimate δT ef f = 150 K causes a difference of 0.19 dex in abundances derived from permitted and forbidden C i lines. Non-LTE effects may also be a factor. The CN Red system lines yield a higher abundance by 0.3 dex than the forbidden line. This may be due to the uncertainty in the abundance of N which is an input in the synthesis of CN lines and is based on two weak N i lines in the red. Given the uncertainties in the model parameters the derived C and N abundances from different abundance indicators are in good agreement.
The abundance of oxygen is determined using both forbidden and permitted lines. Table 6 . Abundances of C and O are the simple mean of abundances derived using different indicators. Total sum of C, N, and O abundances (ΣCNO) relative to Fe and ratios C/O and N/O are also given in Table 6 .
s-process elements
A majority of the s-process lines used here come from Kurucz's (2000) line list. Many of these lines do not exist in the solar spectrum. Given the large number of lines in the Kurucz list it is difficult to know that the s-process line is the dominant contributor. To make sure, we computed equivalent widths for all the nearby lines. Molecular CN and C 2 contributions to the lines were also taken into account. This procedure allowed us to identify quite a number of reasonably clean s-process lines. The s-process lines, their atomic data, and abundances are given in the Table 8 .
Spectrum Synthesis: Li Abundance
Extraction of the Li abundance is important because lithium plays an important role in understanding the evolutionary state of pAGB stars. Here, the abundance analysis is complicated by the fact that the dominant absorption attributable to the Li i 6707Å line is at the velocity of the infalling material labelled as component A. Component B, definitively circumstellar, may also contribute absorption to confuse further a contribution from a Li i photospheric line. Finally, emission may fill-in the photospheric Li i absorption in the case of IRAS 05113+1347. To within the errors of measurement, identical velocity shifts of a line likely to be the photospheric Li i line are found for this pair of pAGBs as well as and the pAGBs IRAS 02229+6208 and IRAS 07430+1115 ).
Our syntheses of the Li region used atomic lines listed by Kurucz (2000) , and CN Red system lines (Cunha, Smith, & Lambert 1995) . The Arcturus spectrum was synthesized and, as a result, minor modifications were made to the adopted gf -values. We also included the s-process ionized line required by Lambert, Smith, & Heath (1993) to fit spectra of Ba ii giants. Selected syntheses are shown in Figure 6 where it is obvious that the observed spectrum cannot be matched satisfactorily. These syntheses leave unmatched the absorption to the red that is attributed to a Li i line from the circumstellar shell (component A). The presence of two Li i components is not at all unprecedented having been reported for a Li-rich (O-rich) giant in the globular cluster NGC 362 (Smith, Shetrone, & Keane 1999) , and for the Li-rich semiregular variable, also O-rich, W LMi (Giridhar, Lambert, & Gonzalez 2000) . Alternative interpretations seem implausible. If photospheric lithium is assumed to be rich in 6 Li, a fair fit to the spectrum is obtained, as noted previously by Reddy et al. (1999) ; the 7 Li -6 Li wavelength shift is about 7 km s −1 or only slightly less than the redshift of component A, but the presence of 6 Li is considered most improbable. A V i line at 6708.07Å might be deemed responsible for component A but the gf -value needed to fit the line in Arcturus must be increased by nearly 3 dex to match component A in the pAGBs. Finally, it is unlikely that the component is an unrecognized s-process line; no such line was required by Lambert et al. (1993) in their syntheses of spectra of Ba ii giants including stars for which the Ce ii lines are of comparable strength to the lines in the pAGB stars. (Technetium appears not to have a line at 6708.0Å.)
If component A is assigned to circumstellar lithium atoms and circumstellar emission is neglected, a fair assumption given that the spectrum of IRAS 05113+1347 at 6707Å is not significantly different when the Na D emission was very prominent, the syntheses of the photospheric component give log ǫ(Li) ≃ 1.8 for IRAS 05113+1347, and ≃ 2.1 for IRAS 22272+5435.
Spectrum Synthesis:
12 C/ 13 C ratio
To derive the carbon isotopic ratio, we selected lines of the CN Red system in the spectral region 8000-8010Å. This is the region where a strong blend of 13 C features at 8000. 4Å Wyller (1966) . Additional input data required to produce synthetic spectrum is the dissociation energy that we adopted 7.75 eV (see Lambert 1993) for both the molecules. The region 8000-8010Å was computed using the adopted line list for the Arcturus model atmospheres and the abundances. The resultant spectrum was compared with the observed high-resolution spectrum of Arcturus to test the accuracy of the molecular and atomic line data. The predicted spectrum matches nicely the observed Arcturus spectrum and this also yields 12 C/ 13 C = 6.0 ± 1.0 which is in very good agreement with the isotopic ratio measured for Arcturus (Griffin 1974 ).
We computed the spectrum for IRAS 05113+1347. (Photospheric CN lines are not seen in the spectrum of IRAS 22272+5435). We fit the 12 CN for the derived N abundance by changing the C abundance. For a C abundance of 8.90±0.1 dex the 12 CN lines are well fitted (Fig 7) . The 13 CN feature blended with 12 CN at 8002.0Å, the blends of pure 13 CN line at 8004.5Å, and at 8006.0Å are sensitive to the changes in the isotopic ratio 12 C/ 13 C. The spectrum was predicted for three different carbon isotopic ratios and compared with the observed spectrum of IRAS 05113+1347. The features at 8002.0Å and 8004.5Å indicate a lower limit of 12 C/ 13 C> 25. A slightly smaller value is suggested by the 13 CN feature at 8006.0. We give greater weight to the feature at 8004.5Å as this is stronger and pure 13 CN. The limit 12 C/ 13 C > 25 is in good agreement with the typical lower limit of 12 C/ 13 C ≥ 20 derived for pAGBs, including IRAS 05113+1347, by Bakker et al. (1997) using circumstellar molecular CN red lines.
Stellar Evolution and Chemical Composition
Inspection of the compositions of the two pAGB stars (Table 4 & 6) leads to four broad conclusions, which we amplify below: (i) their composition is normal except for those elements expected to be affected during evolution prior to the pAGB phase; (ii) lithium is present at an abundance that probably implies lithium production in a post main sequence phase; (iii) adjustments to initial C and N abundances occured as a result of mixing with Hand He-burnt material; (iv) substantial enrichment with s-processed material is traceable to mixing from the He-shell of their AGB progenitor. Collectively, these conclusions suggest the stars have evolved from thermally-pulsing AGB stars. The pair are compared with published results for 9 other C-rich pAGB stars (Table 7) , which support the four broad conclusions.
Even in the case of thermally-pulsing AGB stars, many elements are expected to retain their initial abundances (relative to iron). This is the case here: Na, Al, Si, S, Ca, Ti, and the iron-group from V to Ni, and Zn show the ratio [X/Fe] reported for normal dwarfs and red giants with [Fe/H] ≃ −0.8. (Possibly, [Ca/Fe] ≃ 0.0 is less than the expected value of 0.2 dex as a result of Galactic chemical evolution.) This demonstration of normal abundances serves to exclude the possibility that the photospheres are affected by processes of dust-gas selective fractionation that are seen to have affected some warmer pAGB stars (Waelkens et al. 1992) , and the warmest RV Tauri variables (Giridhar, Lambert, & Gonzalez 1999) . In particular, our pair of pAGB stars show normal [S/Fe] and [Zn/Fe] ratios which are potent indicators of dust-gas fractionation.
Carbon, Nitrogen, and Oxygen
Carbon, nitrogen, and oxygen abundances are key tracers of the evolutionary and nucleosynthetic history of red giants and their descendants. Low mass red giants are predicted to experience three episodes in which the deep convective envelope brings nuclear-processed material from the interior to the atmosphere. The first episode known as the first dredge-up occurs when the star ascends the red giant branch, after exhaustion of hydrogen in the core of the main sequence star. This brings mildly CN-cycled material to the surface and, therefore, reduces the C abundance and enhances the N abundance with the constraint that the sum of the C and N abundances is preserved (Iben 1964) . Oxygen is predicted and observed to be unaffected by the first dredge-up.
Additional changes of surface abundances occur through what is known as the third dredge-up phase known to affect AGB stars. In this phase, material from the He-shell around the C-O electron degenerate core is mixed into the base of the deep convective envelope. The added material has been exposed to He-burning via the 3α-process and to s-processing. The principal product of the former is 12 C with an admixture of 16 O. An AGB star is expected to experience the third dredge-up repeatedly until it evolves to the pAGB phase and beyond. (Even then a final episode is possible.) Through the third dredge-up, the O-rich giant may be converted to a C-rich AGB star. In its simplest theoretical implementation, the series of third dredge-up events do not involve exposure of the H-rich envelope to the H-burning CN-cycle, that is the carbon added from the He-shell is not converted to nitrogen. Very luminous AGB stars can experience H-burning at the base of the H-rich envelope in the long intervals between times when the He-shell is ignited. Such stars said to experience hot bottom burning (HBB), convert carbon to nitrogen, reduce the 12 C/ 13 C ratio, and may be reconverted from a C-rich to an O-rich star.
In order to compare the observed C, N, and O abundances with theoretical expectations, we begin with establishing the initial abundances for these slightly metal-poor stars, and, then, we comment on the changes expected from the first dredge-up which establish the expected surface abundances for the AGB star prior to the onset of the third dredge-up. Observed abundances for our two stars and eight others analysed previously are summarized in Table 6 .
Initial abundances for C and O are taken from Gustafsson et al. (1999) The inferred initial abundances are given in Table 6 along with the observed values for the pAGB stars. Relative to initial values, the stars are clearly enriched in carbon and nitrogen, but oxygen has retained about its initial abundance. These are in line with our sketch of the expected changes: the carbon enrichment is attributed to the third dredgeup, and the nitrogen enrichment to the first dredge-up, and, as expected, oxygen is almost unaffected by the dredge-ups.
From Table 6 , the mean difference between the O abundance of the pAGB stars and their inferred initial O abundance is 0.2 dex. Given the possibility of systematic errors in comparing abundances derived from main sequence and pAGB stars, this difference is compatible with the expectation that oxygen is unaffected by evolution from the main sequence to the pAGB stage. It may be noted that a study of post first dredge-up red giants with metallicities similar to those of stars in Table 6 concluded that oxygen was undepleted (Cottrell & Sneden 1986 ).
There is evidence, primarily from the low observed and higher predicted 12 C/ 13 C ratios, that predicted changes for carbon and nitrogen brought by the first dredge-up are less severe than observed changes. It is, however, expected that a red giant's nitrogen abundance will approach the sum of the star's initial C and N abundances. Considering this, we list in Table  7 this sum alongside the observed N abundances for the pAGB stars. On average, the latter are equal to the sum of the initial C and N abundances: the mean difference is less than 0.1 dex. This is certainly compatible with the idea that the nitrogen abundance of AGB and pAGB stars was unaltered by the third dredge-up and subsequent events.
Cottrell & Sneden's analyses, however, do not fully support this conclusion. Their carbon abundances show the expected underabundance, for the first dredge-up, especially if the initial abundances are taken from Gustafsson et al. (1999) . Low 12 C/ 13 C ratios reported by the authors clearly show that a first dredge-up has occurred. Oddly, nitrogen was reported to be underabundant: [N/Fe] = −0.05 was found in the mean. This is surprising. We suppose that this anomaly is either an artifact of the analysis and/or the assumption that [N/Fe] = 0 is incorrect for the initial abundances. If, of course, [N/Fe] < 0 initially, our conclusion that the first dredge-up accounts for the observed nitrogen abundances of pAGB stars is invalid.
The first dredge-up reduces the surface 12 C/ 13 C ratio. Cottrell & Sneden's measurements give a mean ratio of 16 for their sample of mildly metal-poor giants. Available determinations for the pAGBs including our lower limit for IRAS 05113+1347 give higher values. These are consistent with addition of 12 C to the envelope of a red giant without exposure to the CN-cycle, which would convert some 12 C to 13 C and 14 N. Thus, the 12 C/ 13 C ratios and the nitrogen abundances support the idea that little of the 12 C from the third dredge-up has been processed by protons.
Carbon in pAGBs is considerably enhanced relative to its initial abundance and certainly to its post first dredge-up abundance. The stars are clearly C-rich, i.e., C/O > 1. Table 6 shows that C/O ≃ 3 for IRAS 05113+1347, and 2 for IRAS 22272+5435. The sensitivities of the abundances to the atmospheric parameters are so similar for the carbon and oxygen lines that the derived C/O ratio cannot be plausibly decreased to less than unity. We assume that fresh carbon was added through the third dredge-up events.
In summary, the C, N, and O abundances are compatible with the view that these C-rich pAGB stars evolved directly from AGB stars that were converted to carbon stars as a result of the third dredge-up. It remains to examine if the s-process and lithium abundances may be integrated into this picture.
The s-process
Both stars are severely enhanced in s-process elements (Table 7) which we identify as a signature that the stars experienced an efficient third dredge-up in their AGB phase. In this respect, our pair of pAGBs are similar to the other analyzed C-rich pAGBs. Models indicate that low mass AGB stars run their s-processing in the He-shell with the neutron source 13 C(α, n) 16 O. To provide sufficient neutrons, 13 C must be generated in the H-He intershell region by a slow mixing of protons into the He-rich layers. Presently, the mass of 13 C in the shell at the onset of s-processing is not calculable from the first principles but must be specified as a free parameter. This free parameter is a controlling influence on the neutron flux. The higher the neutron flux the greater is the abundance of heavy relative to light s-process elements. This is customarily characterized by the ratio [hs/ls] (Luck & Bond 1991) where we take La and Nd as heavy-s (hs) and Y and Zr as light-s (ls) elements. The abundances of these four s-process elements are represented by several lines and available for all the C-rich pAGBs. Busso et al. (2001) also used the same s-process elements in their theoretical computations. The results would not be significantly changed if we adopted any other combinations of heavy s-process elements. The ratios [hs/ls] for 10 pAGBs including the two pAGBs studied here are given in Table 7 .
The ratio [hs/ls] varies with metallicity across the pAGB sample. This is clearly shown in Figure 8 . For comparison we show the model predictions from Busso et al. (2001) for the case in which the mass of 13 C in the He-shell is assigned a constant and plausible value independent of metallicity. The chosen value designated as ST/1.5 for a model of 1.5 M ⊙ by Busso et al. offers a good fit to [hs/ls] measurements for s-process enriched stars over a wide range of metallicity. The model predictions offer a good fit to the observed trend set by the pAGBs. Two pAGB stars (IRAS 07134+1005 and IRAS 02229+6208) deviate from this trend and they can be matched well with ST/3 model predictions. The models also account for the observed enhancements [ls/Fe] and [hs/Fe].
Lithium
At [Fe/H] ∼ −0.8, the maximum lithium abundance seen in main sequence stars is log ǫ(Li) ≃ 2.3 (Chen et al. 2001) . At the first dredge-up, the surface lithium abundance is reduced by a factor of about 50, i.e., log ǫ(Li) ≃ 0.6 is predicted for red giants. Shetrone, Sneden, & Pilachowski (1993) found lithium abundances from 0.3 to < −0.5 in old disk giants with [Fe/H] similar to that of our pAGBs and a low 12 C/ 13 C ratio. Hence, the pAGB stars with log ǫ(Li) ≃ 2.0 are very Li-rich relative to their putative progenitors. Therefore, the Li-rich stars have either experienced lithium production, or external replenishment of lithium (e.g., engulfed a planet).
Production is possible by what is known familiarly as the Cameron-Fowler (1971) 7 Be transport mechanism in which 3 He by α-capture is converted to 7 Be and subsequently to 7 Li by electron capture. The 3 He supply is partly primordial 3 He and partly the product of incomplete running of the pp-chain in the outer parts of the low mass main sequence star. A high temperature is needed for α-capture on 3 He but a low temperature is needed for 7 Li (and 7 Be) to avoid destruction by protons. Thus, lithium production is efficient only in a convective region/envelope with a hot base and cool outer boundary. In intermediate mass (4 to 7M⊙) AGB stars, predictions and observations show that lithium production is possible. This has been most clearly demonstrated for the most luminous AGB stars in the Magellanic Clouds (Smith & Lambert 1989 , 1990 Plez, Smith, & Lambert 1993; Sackmann & Boothroyd 1992) . The great majority of these Li-rich stars are O-rich, a not unexpected result because the temperatures required for α-capture by 3 He also ignite the CN-cycle which will convert carbon to nitrogen and convert C-rich material to N-rich material with a low 12 C/ 13 C (∼ 3) ratio. Attribution of lithium production to intermediate-mass luminous AGB stars implies that the Li-rich pAGBs evolved from stars with masses of about 4 M ⊙ , which is unlikely, although perhaps not impossible, for stars as metal-poor as [Fe/H] ∼ −0.8.
Examination of the reaction rates shows that the time scales (∝ n i /(dn i /dt)) for destruction of 3 He and 12 C are similar over the likely range of temperature. The rate constant for 3 He(α, γ) 7 Be is approximately an order of magnitude greater than for 12 C(p, γ) 13 N (Angulo et al. 1999) but this difference is offset by the ratio α/p ≃ 0.1. Then, 3 He and 12 C are destroyed at about the same rate. Unfortunately, the amount of 3 He that was destroyed to produce the observed lithium abundance is unknown because the efficiency of the conversion of 7 Be to 7 Li is not obtainable from the observations. Certainly, the observed lithium abundance is a small fraction (perhaps, a 10 6 th) of the 3 He reservoir predicted by standard models. Even at low efficiency, a small fractional change in the 3 He abundance results in the observed lithium abundance with a similarly small fractional change in the 12 C and, hence, the 14 N abundance. Provided that fresh 12 C is added from thermal pulses occuring during and after lithium production, stars can remain C-rich with a high 12 C/ 13 C ratio yet present a lithium enrichment.
Lithium-rich giants are known at much lower luminosities (cf. Charbonnel & Balachan-dran 2000) . Several proposals exist in which the 3 He reservoir is tapped to provide the 7 Li. It is unlikely that these stars are progenitors of the Li-rich pAGBs. The lithium in the giants will most probably be destroyed as the stars evolve to the and up the AGB. Certainly, conversion of these O-rich giants to C-rich AGB (and pAGB) stars will remove the lithium unless it is replenished from the 3 He reservoir.
Replenishment of lithium is in principle possible when the AGB star engulfs a planet or a brown dwarf. Siess & Livio (1999) discuss accretion by a 3 M⊙ AGB star. These calculations suggest that surface lithium is enhanced by a factor of a few, a factor barely sufficient to account for the observed lithium abundances. Although the parameter space of the scenario was not fully explored and other choices of AGB star (e.g., lower mass and lower metallicity) and accreted object may result in a higher lithium abundance, this scheme will have difficulty in accounting for the fact that a lithium enrichment is very common among the C-rich pAGB stars. Five of the 10 stars in Table 7 have been reported to show lithium enrichment. Spectra of the other five stars have been examined for lithium but the 6707Å line was apparently absent. Assuming a detection limit of 5 mÅ for the line we obtain the abundance limits shown in Table 7 . All are consistent with either lithium enrichment or the low lithium abundance predicted for an AGB star that does not manufacture lithium.
Conclusions
Our abundance analysis based on high-resolution optical spectra of IRAS 05113+1347 and IRAS 22272+5435 shows that these stars classified as pAGB stars have the surface composition expected of a highly-evolved AGB star: carbon and nitrogen enrichments (relative to their presumed initial abundances) are identified as products of the third and first dredge-ups, respectively, and a strong s-process enrichment is also attributable to the third dredge-up. An intriguing lithium enrichment may reflect lithium production from 3 He in the AGB or pAGB star. The two stars analysed in this paper seem typical of the sample (now, 11 stars in total analysed) of C-rich pAGB stars.
If the transition from AGB to pAGB star was made without drastic alterations of surface composition, the immediate progenitor of a C-rich pAGB was a cool carbon star of the Ntype. Bright cool carbon stars analysed by Lambert et al. (1986) and Ohnaka, Tsuji, & Aoki (2000) have C,N, and O abundances quite similar to the pAGBs, and are s-process enriched to similar levels too. However, the carbon stars are of approximately solar metallicity (Lambert et al. 1986; Abia et al. 2001 ) not metal-poor like the pAGBs. Lithium provides a discordant note. The N-type stars are not lithium rich. The lithium-rich carbon stars are the J-type stars rich in 13 C and with no s-process enhancement. There are metal-poor carbon stars in the halo that are as metal-poor as the pAGBs: Kipper et al. (1996) analysed 5 stars with [Fe/H] from −0.7 to −1.2, all with considerable s-process enrichments. With one exception, the carbon abundances are similar to those of the pAGBs. But with the same exception, the nitrogen abundances are much less than those of the pAGBs. In two of the stars Li was found to be enhanced (log ǫ(Li) ≥ 1.7). The noticeable difference is that the 12 C/ 13 C ratio of the carbon stars are much lower (5 to 10) than the limits set for the pAGBs. In summary, the immediate progenitors of the pAGBs have yet to be identified. This is odd given that the pAGBs evolve rapidly and probably more rapidly than their AGB progenitor. It is quite possible that the progenitor is shrouded by dust. In the top panel, the lower excitation potential (LEP)-abundance relation is used to determine T eff . In the middle panel, the reduced equivalent width (W λ /λ)-abundance relation is used to determine ξ t , and, in the bottom panel, the abundances of Fe i (crosses) versus Fe ii (hexagons) are used in determining log g. In all the panels, solid line is the least-squares fit to the data points. (eV) log gf (mÅ) log ǫ(X) (Å) log ǫ(X) Pr II
